ABSTRACT This paper presents a frequency and polarization reconfigurable patch antenna with a small gain variation. Eight discrete operating frequency bands can be achieved by properly switching shorting pins, and three polarization states, i.e., left-hand circularly polarization, right-hand circularly polarization, and linearly polarization, can be realized simultaneously by adjusting perturbation segments. A stable gain performance is obtained within a wide reconfigurable frequency range, as well as all the reconfigurable polarization states, by utilizing the loss-character of p-i-n diodes when shorting pins are properly switched ON/OFF for different states. A prototype is designed, fabricated, and measured. The simulated and measured results agree as well. The experimental results show that the proposed antenna exhibits a simple reconfigurable network, a wide switching frequency range, a good element gain, and a small gain variation less than 1.8 dB across all the operating states.
I. INTRODUCTION
With the rapid development of modern wireless communication systems, the research on reconfigurable antennas has been a hot topic due to their ability to provide multiple functionalities. Typically, the adjustable parameters are operating frequency, pattern and polarization [1] - [36] . In the past decade, many reconfigurable antennas with a single tunable parameter have been developed and applied for wireless communications. For example, frequency reconfigurable antennas are developed in [1] - [3] , pattern reconfigurable antennas are reported in [4] - [12] , and polarization reconfigurable antennas are investigated in [13] - [21] . All those antennas exhibit good performance in terms of single reconfigurable character such as frequency, pattern or polarization.
As the working environment becomes more and more complex, reconfigurable antennas are strongly expected to have the ability to alter multi-parameters [22] - [36] . For example, multi-parameter reconfigurable antennas are attractive for the anti-jam or anti-intercept wireless system, which can improve significantly the system security. Reconfigurable antennas with frequency agility and polarization diversity have many advantages, such as efficient spectrum utilization, increased system capacity by polarization diversity, and improved communication security by randomly selecting the operating modes. In an agile wireless system with multiple reconfigurable parameters, a stable gain for all the operating modes is highly expected, which is helpful to increase the system efficiency, reduce the system cost, and realize a good signal/noise ratio. Recently, a number of implementations with combined frequency and polarization reconfigurability [26] - [36] have been successfully developed by using varactor diodes, RF switches, such as p-i-n diodes and microelectromechanical systems (MEMS) switches, and other techniques. Although those antennas exhibit good reconfigurable performance of wide frequency range and multi polarization states, they usually face challenges including complicated reconfigurable feeding networks, larger gain variations among reconfigurable modes, or a small reconfigurable frequency range.
In this paper, a frequency and polarization reconfigurable patch antenna with a consistent gain has been proposed with more reconfigurable states and wider reconfigurable frequency bands by combing the switchable shorting pins and perturbation patches based on [36] . The switchable shorting pins are used to implement frequency agility, and the four controllable perturbation segments are for realizing polarization diversity. Both the frequency and polarization of the proposed antenna can be independently switched among different operating states, including eight frequency bands and three polarization modes. In addition, by utilizing the loss-character of p-i-n diodes, the radiation efficiency of the proposed antenna has an opposite variation trend as that of directivity in a wide frequency range through the varied ohm losses from properly switched p-i-n diodes, and the detailed explanation is given in the Section III. As a result, a stable realized gain performance is obtained within a wide reconfigurable frequency range, as well as all the reconfigurable polarization states.
The rest of this paper is organized as follows. Section II shows the design and operational principle of the proposed antenna in detail. Then, a prototype is designed, fabricated and tested. Both the simulation and measurement results of the fabricated antenna for all the operating frequency bands and polarization modes are presented and discussed in Section III. Finally, conclusions are given in Section IV.
II. ANTENNA DESIGN AND OPERATION PRINCIPLE
The 3-D structure and geometrical configuration of the proposed antenna are shown in Fig. 1 . The antenna is implemented on the Rogers 5880 (tanδ = 0.0009 at 10 GHz) substrate with a relatively permittivity of ε r = 2.2 and a thickness of H = 3.175-mm. The antenna structure is composed of a square patch, three groups of switchable shorting pins connected to the ground plane, and four controllable perturbation segments connected to the corner of the square patch via p-i-n diode. The antenna is fed by a coaxial probe through a microstrip line. In order to obtain a better impedance match for LP mode, a stub with a length of L 2 is connected to the feeding line via a p-i-n diode. It should be mentioned that although a fixed polarization state such as the linear polarization or the circular polarization can be realized by only using properly designed shorting pins [37] - [40] , multiple excitation ports have to be adopted if a switchable polarization performance is desired, and that leads to a complicated reconfigurable feeding network as well as matching circuits. To overcome this shortcoming, square perturbation segments with a width of W 2 are used to implement polarization reconfigurable, and the switchable shorting pins are for frequency agility in this work.
The whole antenna has been simulated and optimized by using the full-wave commercial software, i.e., the HFSS simulator, in which the p-i-n diode is modeled as a low resistance for ON state and open for OFF state. For reconfiguring polarization, four controllable perturbation segments are added and connected to the host patch via four p-i-n diodes (D1-D4). For switching these p-i-n diodes, the biasing voltage is supplied through a RF choke inductor and the biasing circuits are designed on the ground plane, which has a little effect on the antenna performance. When the two p-i-n diodes in the opposite direction (D1&D2 or D3&D4) are switched ON, the two orthogonal modes will be split in resonant frequency with equal amplitude and 90-degree phase-difference which can produce a CP wave in the far-field region. When all the four p-i-n diodes are turned ON, the antenna has a symmetrical structure and radiates LP wave. In order to confirm the polarization diversity, the full-wave simulated 1.85 GHz vector surface current distributions on the patch for the three polarization modes are illustrated in Fig. 2 . It can be clearly seen from Fig. 2 that the two orthogonal modes are excited with 90-degree phase-difference when the two p-i-n diodes in the opposite direction (D1&D2 orD3&D4) are switched ON. Hence, by controlling the states of D1-D4, the polarization of the antenna can be switched among three polarization states, i.e., LHCP, RHCP and LP. The relationships between the polarization and the states of D1-D4 are tabulated in Table 1 .
The resonant frequency of the proposed antenna is switched by using twelve switchable shorting pins, which are divided into three groups, i.e., group 1-3, as labeled in Fig. 1(c) . Each group has four switchable shorting pins that are placed in the two diagonals of the square patch, and the pin-to-pin spacing are denoted as d 1 , d 2 , d 3 , respectively, as illustrated in Fig. 1 . The diameter of all the shorting pins is d. P-i-n diodes are employed in the design of the switchable shorting pins. In order to reduce the effect on antenna performance, all the biasing circuits for switching these p-i-n diodes are designed on the ground plane, and the detail layout is shown in Fig. 1(d) . The biasing voltage is supplied through a wire welded into the isolated area. In the biasing circuits, DC-blocking capacitors are used to connect the isolated area to the bottom ground plane. The equivalent circuit has been drawn in Fig. 1(e) . The DC-blocking capacitors have low impedance in the operating frequency band and can be seen as shorting capacitor. So the effect from the biasing circuit can be reduced to acceptable levels. By switching the different states of these switchable shorting pins, the operating frequency band of the dominant mode in the patch antenna can be dynamically selected from eight discrete frequency bands, which are listed in Table 2 .
The operating frequency agility mechanism of the patch antenna can be explained by using an equivalent transmission line model in Fig. 3 , whose parameters can be initially obtained by the formulas in [37] . The resonant condition is that the imaginary part of the input impedance Z IN , which is obtained by seeing from the middle to left or right as shown in Fig. 3 , is equal to zero. It is clear that the position of the shorting pins affects the input impedance. So the resonant frequency can be adjusted by tuning these shorting pins. When all the shorting pins are turned OFF, half the length of transmission line, i.e., L + Wp/2, L + Wp is equal to onequarter-wavelength at the resonant frequency. However, when the shorting pins are switched on, the resonant frequency goes up due to the shunt inductive effect of the shorting pins, which needs to be finely optimized by using the HFSS. By adjusting the number and distance of the shorting pins, the resonant frequency can be tuned over a relatively larger range of 1-1.5 [35] .
In order to understand the operating principle more clearly from the physical point of view, the electric field vector distributions of the dominant mode with different shorting pins are plotted in Fig. 4 . As shown in Fig. 4(a) , when all the shorting pins are switched OFF, the electric field vector beneath the patch manifests a standard TM 01 mode and it resonates at 1.85 GHz. If all the shorting pins are switched ON, the electric field is obviously removed outward, which indicates that the antenna resonates at a high frequency of 2.63 GHz. 
III. RESULTS AND DISCUSSION
Based on the above analysis, an antenna prototype is designed, fabricated and measured. The photograph of the fabricated antenna is shown in Fig. 5 . In the experiment, p-i-n diodes (MADP-000907-14020) [41] from MACOM are used as switches, and surface mount capacitors (860 pF) and inductor (22 nH) from Murata are adopted in the DC biasing circuits. The reflection coefficients for all the operating states are measured by the Agilent Vector Network Analyzer. The far-field performance is measured in a microwave chamber, and the fast rotating method is employed in the test for the CP modes. Hence, the AR performance can be extracted from the ripples of the radiation patterns [42] , [43] . The measured refection coefficients, gains and AR properties at the boresight direction for the three polarization states are compared with the corresponding simulated results in Fig. 6-8 . The measured results show a good agreement with the simulated ones except for a slight deviation to the low frequency, which is mainly resulted by the tolerance of the position of the shorting pins. The 3 dB AR bandwidth becomes wider as the operating frequency increases. This is due to the relatively larger electrically thickness of the substrate at the high frequency. The bandwidths for each operating state are narrow and can be increased by some techniques, such as increasing the thickness of the substrate, adding parasitic patch, employing stack structure and so on. The measured peak gains at each operating frequency band for the three polarization states are plotted in Fig. 9(a) . As shown in Fig. 9(a) , the realized peak gains are larger than 6 dBi/dBic. In addition, the peak gains variation across all the operating frequency bands and polarization modes is less than 1.8 dB. It is notably to mention here that the stable gain is an important advantage of the proposed frequency reconfigurable antenna over the referenced antennas, as shown in Table 3 . The obtained constant gain over a wide frequency can be explained by combining with radiation efficiency. Fig. 9(b) presents the simulated directivity and the measured radiation efficiency, which is obtained by calculating the ratio of the measured gain to the simulated directivity, for the two CP modes. As shown in Fig. 9(b) , the directivity of the patch antenna keeps increasing as the operating frequency goes up because of the larger antenna aperture at the high frequency. However, the variation tendency of the radiation efficiency is to decline firstly and then to rise a little at the high operating frequency, which is caused by different states of the switchable shorting pins. When the antenna operates at the band 1, all the shorting pins are switched OFF and no RF current passes through the corresponding p-i-n diodes. So the antenna operating at the band 1 has a high efficiency of 94%. As the working frequency goes up, the corresponding shorting pins are switched ON and RF current must pass through the p-i-n diodes when the p-i-n diodes can be modeled as a low resistor. Hence, the efficiency is deteriorated. Moreover, the outer shorting pins have a larger influence on the efficiency than the inner shorting pins. As the operating frequency increases further, more than one group of shorting pins must be switched ON. In this case, the resistors that represent the p-i-n diodes switched ON are connected in parallel. So the total resistor gets smaller, which explicates that the efficiency rises a little at the high frequency. As a result, a peak gain with a little fluctuation less than 1.8 dB has been realized for all the operating states.
The measured and simulated normalized radiation patterns at the two orthogonal cut-planes are compared at two frequency points for the three polarizations modes, as shown in Fig. 10-12 . Generally, the measured results are in good VOLUME 6, 2018 agreement with the simulated ones. Stable broadside patterns with low cross polarization level are obtained for the three polarization modes. From Fig. 10 and 11 , it can be observed that the proposed antenna has good CP radiation performance for the two CP modes. For the LP mode, the measured crosspolarization levels at both E-and H-plane are lower than −20 dB, as shown in Fig. 12 .
All the simulated and measured results presented above show that the proposed patch antenna can work with three polarization modes at eight discrete operating frequency bands, and has good performance for all the operating modes. On the one hand, the directivity of the antenna with a fixed aperture keeps increasing as the frequency increases. On the other hand, the efficiency of the most reported frequency reconfigurable antennas also increases as the operating frequency goes up and has a big fluctuation within the whole frequency band. As a result, the realized gain has a big change within the whole frequency band. In this work, by utilizing the loss-character of p-i-n diodes, the variation tendency of the efficiency is just the opposite that of the directivity, which results in a stable realized gain within the whole operating frequency band. Finally, the performance of some up-to-date frequency and polarization reconfigurable antennas and this work is summarized in Table 3 for comparison. It shows that the proposed antenna has a high efficiency, a wide switching frequency range, and a good element gain with a relatively small variation less than 1.8 dB across all the operating states.
IV. CONCLUSION
To conclude, a reconfigurable patch antenna combined frequency agility and polarization diversity has been designed and implemented in this paper. By properly switching shorting pins, the operating frequency can be dynamically selected from eight discrete frequency bands due to the shunt inductive effect of the shorting pins. Simultaneously, the polarization can be independently reconfigured among three states, i.e., LHCP, RHCP and LP, by controlling the states of perturbation segments. The simulated and measured results are in good agreement. The proposed patch antenna has the advantages of simple reconfigurable network, a wide switching frequency range, a good element gain, and a small gain variation across all the operating modes. It can be potentially used for advanced wireless communication systems.
